A key to successful adaptation is the ability to regulate emotional responses in relation to changing environmental demands or contexts. Methods: High-resolution PET 18 fluoro-deoxyglucose (FDG) scanning in rhesus monkeys was performed during two contexts (alone, and human intruder with no eye contact) during which the duration of anxiety related freezing behavior was assessed. Correlations between individual differences in freezing duration and brain activity were performed for each of the two conditions, as well as for the contextual regulation between the two conditions. Results: In both conditions, activity in the basal forebrain, including the bed nucleus of the stria terminalis and the nucleus accumbens were correlated with individual differences in freezing duration. In contrast, individual differences in the ability to regulate freezing behavior between contexts were correlated with activity in the dorsal anterior cingulate cortex, the thalamus and the dorsal raphe nucleus. Conclusions: These findings demonstrate differences in the neural circuitry mediating the expression compared to the contextual regulation of freezing behavior. These findings are relevant since altered regulatory processes may underlie anxiety disorders.
T he adaptive expression of emotion relates to the ability to regulate emotional responses as environmental or contextual demands change (Kalin and Shelton 1989; Davidson et al 2000; Kalin and Shelton 2003) . Furthermore, it is likely that there are differences in the neural circuitry underlying the regulation, compared to the expression of emotion (Davidson et al 2000; Kalin and Shelton 2003; Morgan and LeDoux 1999; Ochsner et al 2002) . Previously, we demonstrated that rhesus monkeys provide an excellent model to study mechanisms underlying human anxiety, its regulation, and anxiety-related psychopathology (Kalin 1993) .
When threatened, primates commonly engage in behavioral inhibition or freezing behavior. Freezing is an automatic response characterized by the cessation of motor and vocal activity. In monkeys, individual differences in freezing duration are stable over time and reflect individual levels of anxiety (Kalin and Shelton 1989) . Adaptive freezing helps an individual remain inconspicuous and decreases the likelihood of predatorial attack; however, excessive freezing, or behavioral inhibition, is a risk factor for the development of anxiety disorders (Kagan et al 1998; Biederman et al 2001) .
The human intruder paradigm was developed to study primates' defensive behaviors, such as freezing, and their regulation in response to changing environmental demands (Kalin and Shelton 1989) . In this regard, it is informative to compare monkeys' responses elicited by attachment bond disruption occurring during the alone condition (ALN) with the responses elicited by threat occurring during the no eye contact condition (NEC). During ALN, monkeys are separated from their cagemates into a novel environment. Initially, monkeys display some freezing which functions to decrease the chances of detection by a potential predator. Once the monkey establishes that in the ALN environment there is no real predatorial threat, it locomotes and emits coo calls. These behaviors increase the likelihood of reunion by attracting the attention of conspecifics. Compared to ALN, the NEC condition provides a very different context introducing a direct threat. During NEC, the monkeys are exposed to a human intruder that presents her profile to the monkeys while avoiding eye contact. The lack of eye contact increases the uncertainty of the potential predator's intent and as a result the monkey engages in longer durations of freezing. This increased freezing compared to that during the ALN condition reflects the monkey's ability to adaptively regulate its anxiety-related behavior.
To understand the neural circuitry associated with freezing and its contextual regulation, 18 fluoro-deoxyglucose (FDG) PET scans were performed in monkeys exposed to the ALN and NEC conditions on separate days. FDG was selected as the radiotracer because its uptake into brain regions reflects brain metabolic activity (Sokoloff et al 1977; Phelps et al 1979) . FDG was administered immediately before placing the monkeys in ALN or NEC conditions in which they remained for 30 min.
Based on previous work, we expected that individual differences in freezing duration would be correlated with activity in the amygdala, bed nucleus of the stria terminalis (BNST), and the periaqueductal gray LeDoux et al 1988; Davis 2000; Kalin et al 2004) . To assess brain regions involved in the regulation of freezing, the change in freezing behavior between ALN and NEC was measured for each animal, and was correlated with changes in brain activity between these conditions. We hypothesized that individual differences in the regulation of freezing would be associated with the activation of regions of the prefrontal and anterior cingulate cortex (Ochsner et al 2002) .
Methods and Materials

Subjects
Twenty-five male rhesus monkeys (M. mulatta) ranging in age from 2.2 to 4.6 years (mean age ϭ 3.1 years) and weighing between 3.2 and 7.4 kg (mean weight ϭ 5.0 kg) were the subjects. The monkeys were pair housed and maintained on a 12-hour light/dark cycle at the Wisconsin National Primate Research Center and at the Harlow Primate Laboratory. Animals had water ad libitum and were fed monkey chow every morning. Animal housing and experimental procedures were in accordance with institutional guidelines.
Magnetic Resonance Imaging Methods
Magnetic resonance imaging (MRI) data were available from 6 of the monkeys. Data were collected using a GE Signa 3T scanner (GE Medical Systems, Milwaukee, Wisconsin) with a standard quadrature birdcage headcoil. Whole brain anatomical images were acquired using an axial 3D T1-weighted inversion-recovery fast gradient echo sequence (TR ϭ 9.4 msec, TE 2.1 msec, FOV ϭ 14 cm, flip angle ϭ 10°, NEX ϭ 2, matrix ϭ 512 ϫ 512, voxel size ϭ .3 mm, 248 slices, slice thickness ϭ 1 mm, slice gap ϭ Ϫ.05 mm, prep time ϭ 600, bandwidth ϭ 15.63, frequency ϭ 256, phase ϭ 224). Before undergoing MRI acquisition, the monkeys were anesthetized with intramuscular ketamine (15 mg/kg).
PET Scan Protocol
To minimize the nonspecific effects of handling, the animals were handled, restrained and given a mock injection, and placed in the test cage for 30 min on 5 different days. After adaptation, each animal was scanned on 3 separate occasions after exposure to one of the conditions of the modified human intruder paradigm (Kalin and Shelton 1989) . In this report, we present data from the ALN and NEC conditions. Data from the stare condition is not presented at this time because of our interest in understanding the regulation of freezing between the ALN and NEC conditions. Scans were not performed more frequently than once per week with 14 animals exposed to ALN first and 11 animals exposed to NEC first. The animals were food deprived overnight and between 8:00 am and 1:40 pm, the subjects were injected with Ͻ10 milliCuries (mCi) of the radiotracer FDG through a 19 ga intravenous (IV) catheter in the saphenous vein. Because greater than 70% of FDG uptake occurs within 30-40 min after injection (see e.g. Rilling et al 2001) , the animals were immediately exposed to the paradigm and remained in the experimental conditions for 30 min. After each experimental session, the monkeys were anesthetized with ketamine followed by isofluorane gas, and their local glucose metabolism was assessed. Though previous studies demonstrate that ketamine (Langsjo et al 2003 (Langsjo et al , 2004 Holcomb et al 2001; Freo and Ori 2004; Honey et al 2004) and isofluorane (Alkire et al 1997) produce changes in metabolism or rCBF in a variety of species (rats monkeys, humans), they all demonstrate that the response within a brain region is relatively constant across subjects. It is important to note that similar experimental timing was used for all subjects and that the anesthesia was identical in both conditions. During ALN, the monkeys remained alone in the test cage for the entire 30-min period. During NEC, the monkeys were place in the same cage for the entire 30-min period while a human entered the room for 10 min and presented her profile to the monkey, standing 2.5 meters from the cage and avoiding eye contact with the animal. To reduce the effects of habituation, the human left the test room for 5 min, reentered for 5 min, left again for 5 min, and reentered again for 5 min. Behaviors were recorded on videotape and were rated with a computerized scoring system by trained raters unaware of the treatment conditions (Kalin and Shelton 1989) . Freezing was defined as a complete cessation of movement with the exception of vigilant eye movements that lasted for a minimum of three sec (Kalin and Shelton 1989) . Following the Human Intruder conditions the animals were anesthetized with ketamine (15 mg/kg) and were administered intramuscular atropine sulfate (.27 mg). They were then fitted with an endotracheal tube, to administer 1-2% isofluorane gas anesthesia. The subject's head was positioned in a stereotaxic apparatus, to maintain the exact same head position between conditions. The animal was then placed in the P4 microPET scanner (Concorde Microsystems, Inc., Knoxville, Tennessee), a well characterized imaging system (Chatziioannou et al 1999 (Chatziioannou et al , 2000 Cherry et al 1997; Farquhar et al 1998; Knoess et al 2003) . The 60-min emission scan was started on average 67 min (range, 58 -83 min) after injection of FDG. Heart rate, SpO 2 , and respirations were monitored continuously. The delay between the activation paradigm and the time to scan, does not affect the relative metabolic activity among brain regions since with single bolus injections, FDG decays at the same rate in all parts of the brain. The microPET scanner has a reconstructed resolution of 2 mm full width at half maximum (FWHM) yielding a volumetric resolution of approximately 8 mm 3 .
Post Acquisition Processing
To compare data across subjects, each PET scan was transformed into the same coordinate system using standard analysis methodology. A crucial aspect of whole brain inter-subject comparisons is to obtain an accurate fit of the brains from all subjects into the same coordinate space, such that each brain structure resides in the same location for all subjects. A multistage process was used to create study-specific MRI and PET templates and accurately align each PET scan to the PET template. To facilitate the creation of an MRI template, each MRI scan was segmented into brain and nonbrain tissue, so that differences in skull and muscular anatomy would not influence the fit of the brain. One MRI image was manually transformed into a standard "template space" as defined by Paxinos et al (2000) . The remaining MRIs were transformed linearly to match the one standardized image with a shift, a rotation, and a zoom transformation in each of the three (x, y, z) dimensions using AIR (9-parameter model) (Woods et al 1998) . For each of the six subjects with MRI scans, reconstructed FDG images were transformed linearly via a shift and a rotation transformation in each of three-dimensions (x, y, z) to match their original MRIs (6-parameter rigid-body model). The 9-parameter transformations attained from the MRI transformations were then applied to the PET data, which were averaged to create a PET template in standardized space. This template was then masked to include the brain and surrounding muscles that bordered the brain, yielding a BRAIN-PET template. All subjects exhibited a similar pattern of extra-brain activity.
PET images from each subject were then matched to the template image. First, reconstructed PET images from each subject were smoothed with a 4 mm FWHM Gaussian kernel to accommodate small differences in the locations of functional regions across subjects (e.g. due to differences in gyral features) and increase the signal to noise ratio (Worsley et al 1996) . Each PET image was then transformed into template space using a shift, a rotation, a zoom, and a perspective transformation in each of the three dimensions (x, y, and z) to match the location of the brain to the unmasked PET template using FSL (12-parameter affine model) (Jenkinson et al 2002) . This transformation matched the size, location and orientation of each brain to that of the PET template. Each PET image was masked to exclude obvious nonbrain areas using the same mask applied to the BRAIN-PET template. Since posterior brain areas were not acquired for some scans due to the small field of view in the PET scanner and these areas were not of particular interest for this study, these areas were masked in both subject and template images. To more accurately align individual structures, images were warped to match the BRAIN-PET template using nonlinear transformations attained via a sixty-parameter model (Woods et al 1998) . This method, with the addition of the MRI template, allowed for a clear distinction between brain and nonbrain activations. Each step of the registration was manually verified and final images were investigated in detail. Explicit validations for the NEC condition revealed that among thirteen control points within the brain (anterior point, posterior point, right posterior ventricle, and bilateral brain edges, putamen, caudate, and central white-matter landmarks) the mean deviance was .462 mm (SD: .610 mm) and maximum and minimum deviations for the majority of the regions (9/13) under 1mm in any given plane.
Blood samples for FDG quantification were not taken since this would have interfered with the assessment of the naturalistic behaviors during FDG uptake. To facilitate intersubject comparisons, each image was given the same mean-value by applying a global scale factor to each scan. Global scale factors were determined by adjusting the mean, based on a partial brain ROI that excluded regions not collected for all subjects, to be constant across subjects (Carmargo et al 1992) .
Data Analysis
There were four monkeys whose prefrontal areas were not within the PET scanner FOV for one of their two scans. As prefrontal areas were of particular interest, analyses for each condition were performed excluding subjects that lacked prefrontal data (ALN: n ϭ 22, NEC: n ϭ 24, NEC-ALN: n ϭ 21). Additionally, posterior brain areas were not acquired in some animals. Therefore, for all subjects, data from areas more than 20 mm posterior to the center of the anterior commissure (AC), portions of visual and parietal cortices, were excluded from analyses.
After accurate registration, each brain voxel represents the amount of metabolic activity in the same region across subjects. Statistical tests investigating the relationship between brain activity and freezing behavior were conducted separately for the NEC and ALN conditions as well as for the change between NEC and ALN conditions. The freezing data were not normally distributed, and were therefore log transformed. Since freezing and brain metabolism may be affected by age, age was controlled for in the brain activity-behavior analyses. To explore the relationship between freezing behavior and brain activity, each voxel in the brain was correlated with the log duration of freezing behavior within the NEC and ALN conditions, while controlling for age. Sets of connected voxels that significantly (p Ͻ .005, two-tailed uncorrected) correlated with freezing behavior were defined as clusters. Clusters within areas of interest were further examined by plotting their distribution to ensure results were not driven by outliers. This was done by first calculating the average value within the clusters of interest for each scan. The average values and log durations of freezing were then adjusted to account for age by performing a linear regression, with age the sole predictor, and calculating the residual values. To insure that the plots had meaningful ordinate and abscissa values, the residuals were converted to a standard normal distribution. To assign a single estimate of the amount of variance explained by the plotted data, a second linear regression was performed. This regression duplicated the voxelwise correlation, but produced a single statistical estimate of the variance that can be attributed to the brain activity-behavior relationship (reported R 2 values). This regression represents the zero-order correlation between standardized residual log duration of freezing behavior and standardized residual average values for clusters of interest. The same procedure was used to identify, process, and analyze the relationship between the change in brain activity and the change in freezing behavior across the NEC and ALN conditions. In this case, the results represent the zero-order correlation between the difference in log-transformed freezing duration between the NEC and ALN conditions and the differences in average brain activity between the NEC and ALN conditions in clusters of interest, after partialling age from each variable. For all analyses R 2 values represent the amount of variance that can be attributed to the brain activity-behavior relationship.
Results
Brain Activity and Freezing Duration During NEC and ALN Conditions
As can be seen in Figure 1 , freezing occurred in both the ALN and NEC conditions with significantly more freezing expressed during NEC (t ϭ 2.594, p ϭ .016). During NEC, freezing duration was correlated with activation in an area of the basal forebrain that predominantly encompassed the bed nucleus of the stria terminalis (BNST), a portion of the substantia innominata and more anteriorly the shell of the nucleus accumbens (NAC) (this region will be referred to as BNST/NAC) (R 2 ϭ .511, p Ͻ .001) ( Figure 2 ). Figure 2 shows that this BNST/NAC region was located in the right hemisphere (maximum t-value located at: x ϭ 3.125 mm, y ϭ 1.875 mm, z ϭ Ϫ1.25 mm relative to the center of the anterior commissure). While no significant (p Ͻ .005, twotailed uncorrected) correlations were found between amygdala activity and freezing behavior, decreasing the threshold to p Ͻ .05 (two-tailed uncorrected) revealed small regions in the right amygdala that were positively correlated with freezing occurring during both ALN and NEC. No significant correlation was found between activity in the periaqueductal gray brain stem region and freezing. Activation in motor cortex was negatively correlated with freezing duration (R 2 ϭ .506, p Ͻ .001) ( Figure 3 ). In addition, the BNST/ NAC region that was correlated with freezing was negatively correlated with the motor cortex region that was correlated with freezing (R 2 ϭ .372, p Ͻ .001). Other regions that were significantly correlated with freezing duration are displayed in Table 1 .
To understand the extent to which the individual differences in BNST/NAC activity were specifically correlated with freezing and not other behaviors, activity from the BNST/NAC region that was correlated with freezing during NEC was extracted and correlated with individual differences in the frequency of cooing occurring during NEC. In contrast to freezing, individual differences in cooing were not significantly correlated with BNST/NAC activity (R 2 ϭ .088, p ϭ .158). Furthermore, the correlation between BNST/NAC activity and freezing significantly differed from the correlation between BNST/NAC and cooing (p Ͻ .017).
Freezing behavior also occurred during the ALN condition, although with a significantly shorter duration. A voxelwise regression between freezing duration occurring during ALN and brain activity revealed that individual differences in freezing were positively correlated with a left basal forebrain region that encompassed the BNST, substantia innominata, shell of the nucleus accumbens, and some of the core of the nucleus accumbens (R 2 ϭ .477, p Ͻ .001) (the maximum t-value located at: x ϭ Ϫ4.375mm, y ϭ 2.5mm, z ϭ Ϫ.635mm relative to the center of the anterior commissure). Figure 2 demonstrates that the BNST/NAC regions that were correlated with freezing during the ALN and NEC conditions were in close proximity but appeared to be unilateral and on opposite sides of the brain. Since we expected that this effect would be bilateral and selecting threshold cut-points is arbitrary, we reanalyzed the data with a reduced statistical threshold. Moreover, presenting data with multiple statistical thresholds has been suggested as a method to more completely characterize brain-behavior relations (Jernigan et al 2003) . Reduced thresholds (p Ͻ .05, 2-tailed) revealed that for both NEC and ALN conditions the BNST/NAC correlations were bilateral. Using the same threshold we found a bilateral BNST/NAC region (63.7 mm 3 ), common to the NEC and ALN conditions that was correlated with freezing in each condition. Brain activity in this region during NEC was positively correlated with NEC freezing duration (R 2 ϭ .570, p Ͻ .001) and a similar correlation was found between ALN brain activity extracted from this region and ALN freezing duration (R 2 ϭ .450, p Ͻ .001). To further examine this issue, we performed t-tests to determine if the lateralized BNST/NAC clusters from the NEC and ALN conditions and the bilateral combined BNST/NAC cluster differentially predicted freezing in either of the two conditions. No significant differences in the freezing and brain activity correlations were found when comparing the correlations with the more stringent BNST clusters (defined by the p Ͻ .005, two-tailed uncorrected threshold) with those from the combined BNST cluster (defined by p Ͻ .05, two-tailed uncorrected thresholds). (Paxinos et al 2000) display the location of the nucleus accumbens, bed nucleus of the stria terminalis and the substantia innominata. Scatter plots represent the relation between log freezing duration and brain activity in the BNST/NAC ROIs for the NEC (red) and ALN (blue) conditions. Both variables are standardized and residualized for age. ALN, alone group; NEC, no eye contact group; BNST, bed nucleus of the stria terminalis; NAC, nucleus accumbens; MRI, magnetic resonance imaging; ROI, regions of interest.
Similar to the NEC condition, motor cortex activity during ALN was negatively correlated with ALN freezing (R 2 ϭ .566, p Ͻ .001) ( Figure 3) . Again, the BNST/NAC and motor cortex regions that were correlated with freezing during ALN were negatively correlated with each other (R 2 ϭ .185, p Ͻ .04). Other significant regions that were correlated with freezing during ALN are displayed in Table 1 .
Assessing Contextual Regulation: Changes in Brain Activity Between NEC and ALN in Relation to Changes in Freezing Between NEC and ALN
To identify brain regions that are associated with the ability to regulate freezing responses in relation to increasing threat, we subtracted brain activity and behavior during ALN from that Significant (p Ͻ .005 uncorrected) clusters resulting from a voxelwise correlation between brain activity and log duration of freezing behavior controlling for age in the NEC and ALN conditions. All clusters larger than 8 mm 3 are included. (Posterior regions of the brain were excluded as described in the Methods and Materials.) Anatomical definitions of the clusters were made based on the rhesus monkey atlas (Paxinos et al 2000) . Data presented include the size of the cluster (mm 3 ), the maximum t-value within the cluster, and the corresponding x (left to right), y (posterior to anterior) and z (inferior to superior) coordinates in mm relative to the center of the anterior commissure. The clusters are presented in descending order based on their size. ALN, alone group; NEC, no eye contact group; BNST, bed nucleus of the stria terminalis; NAC, nucleus accumbens; MRI, magnetic resonance imaging; ROI, regions of interest. Figure 3 . The regions of motor cortex that are correlated with freezing duration in the NEC (red) and ALN (blue) conditions. Regions of interest were defined by voxels that were correlated with the log duration of freezing at an uncorrected threshold of p Ͻ .005. The correlated regions are overlaid on a slice of an MRI template, which corresponds to Figure 67 of the rhesus monkey atlas (Paxinos et al 2000) . Scatter plots represent the relation between log freezing duration and brain activity in the motor cortex ROIs for the NEC (red) and ALN (blue) conditions. Both variables are standardized and residualized for age. ALN, alone group; NEC, no eye contact group; MRI, magnetic resonance imaging; ROI, regions of interest.
occurring during NEC. This comparison is relevant because of the adaptive increase in freezing duration that occurs during NEC compared to ALN. Results demonstrated a significant positive correlation with: area 24c which is part of the dorsal anterior cingulate cortex (R 2 ϭ .627, p Ͻ .001), an area of the brain stem encompassing the dorsal raphe (R 2 ϭ .484, p Ͻ .001), and the lateral thalamus (R 2 ϭ .614, p Ͻ .001) (Figure 4 ). Furthermore, when using the ROIs from the above regions, significant positive correlations were found between NEC-ALN brain activity in the brain stem region with the area 24c (R 2 ϭ .325, p Ͻ .01) and thalamic regions (R 2 ϭ .504, p Ͻ .001). The NEC-ALN activity in the thalamic region was also positively correlated with dorsal anterior cingulate cortex activity (R 2 ϭ .360, p Ͻ .001)
There was a notable lack of correlation between the NEC-ALN changes in freezing duration with the NEC-ALN changes in BNST/NAC activity. In addition, no significant correlation was found between activity in the BNST/NAC region shared between the two conditions with NEC-ALN freezing. Other regions that were significantly correlated with the change in freezing are displayed in Table 2 .
Discussion
The high-resolution, small-animal, PET scanner allowed us to examine patterns of brain activity in rhesus monkeys that are associated with freezing, as well as brain regions associated with Figure 4 . Brain regions (dorsal anterior cingulate cortex, thalamus, and brain stem) in which the change in brain activity is correlated with the change in freezing duration between the NEC and ALN conditions. Regions of interest (ROIs) were defined by voxels that were correlated with the log duration of freezing at an uncorrected threshold of p Ͻ .005. The correlated regions are overlaid on an MRI template, which correspond to Figures 53, 65 , and 83 of the rhesus monkey atlas (Paxinos et al 2000) . The ROIs used are highlighted with arrows and scatter plots are presented demonstrating the relation between the change in log freezing duration and the change in brain activity. All the variables are standardized and residualized for age. Other correlated areas are displayed in orange (positive) and blue (negative). ALN, alone condition; NEC, no eye contact condition; MRI, magnetic resonance imaging; ROI, regions of interest. Significant (p Ͻ .005 uncorrected) clusters resulting from a voxelwise correlation between the change in brain activity and change in log duration of freezing behavior controlling for age between the NEC and ALN conditions. All clusters larger than 8 mm 3 are included. (Posterior regions of the brain were excluded as described in the Methods and Materials.) Anatomical definitions of the clusters were made based on the rhesus monkey atlas (Paxinos et al 2000) . Data presented include the size of the cluster (mm 3 ), the maximum t-value within the cluster, and the corresponding x (left to right), y (posterior to anterior) and z (inferior to superior) coordinates in mm relative to the center of the anterior commissure. The clusters are presented in descending order based on their size. ALN, alone group; NEC, no eye contact group. the ability to adaptively regulate this threat-related response. The rhesus monkey is an excellent model because similar to humans, rhesus monkeys have a well-developed prefrontal cortex with bidirectional connections to the amygdala and other key subcortical structures (Amaral et al 1992; Fuster 1997) . This is important because the functional linkage between regions of prefrontal cortex with the amygdala, and other limbic and brain stem regions, is hypothesized to underlie the processing and regulation of emotion (Davidson et al 2000; Davidson 2002; Kalin and Shelton 2003; Ochsner et al 2002) .
The current findings highlight circuitry in the BNST/NAC that is strongly correlated with freezing duration in both the NEC and ALN conditions. Animals with greater metabolic activity in these regions display more freezing. These findings are consistent with rodent data implicating the BNST in anxiety (see Davis et al 1997) . However, this circuitry is unrelated to the animal's capacity to regulate its freezing behavior as a function of context. While a small amount of freezing occurs at the beginning of the ALN condition, the overriding adaptive response when separated and alone is to engage in behaviors that result in reunion. In contrast, freezing is the critical adaptive response in the NEC condition serving to help the animal remain undiscovered in the face of potential predatorial threat. Animals with the greatest capacity to adaptively regulate their anxiety-related responses are those with the largest increase in freezing behavior between the ALN and the NEC conditions.
Examining the neural circuitry associated with changes in emotional behavior between contexts provides novel information about mechanisms underlying emotion regulation. While BNST/NAC activity correlated with freezing during both NEC and ALN, the change in freezing within subjects across the contexts was not correlated with activity in this region. This suggests involvement of other brain regions in the contextual regulation of freezing. The data demonstrate that animals with the largest change in freezing between contexts also have the greatest increases in metabolic activity in lateral thalamus, brain stem/ dorsal raphe regions and area 24c, part of the dorsal anterior cingulate cortex. This underscores the differences in the neural circuitry that underlie the expression compared to the adaptive regulation of freezing.
Involvement of the thalamus in emotion regulation is consistent with its well-known function of integrating sensory information. The involvement of the dorsal raphe is interesting since it is the brainstem site from which the regulatory neurotransmitter serotonin emanates. The anterior cingulate cortex has been associated with error monitoring and is activated when individuals are confronted with competing tendencies (Carter et al 1998) . Evidence suggests anatomical specialization within the anterior cingulate cortex such that the rostral anterior cingulate is associated with the affective domain (Salomons et al 2004) , whereas the dorsal anterior cingulate is associated with cognitive and motor processes (Holroyd et al 2004; Devinsky et al 1995) . Previous human neuroimaging research has underscored the importance of the rostral anterior cingulate cortex in emotion regulation (e.g., Davidson et al 2002; Ochsner et al 2002) , however in the present study, activation of the rostral anterior cingulate was not associated with changes in freezing behavior. Anatomical studies in primates demonstrate that the region of the dorsal anterior cingulate cortex (area 24c) that we found to be associated with the regulation of freezing has direct projections to motor cortex and to spinal cord regions involved with motor activity (Dum and Strick 2002) . In addition, human fMRI studies suggest that area 24c is involved in integrating cognition with focused attention and motor behavior (Bush et al 1998; Paus 2001) . Therefore, activation of this region may be involved in regulating fear or anxiety motivated changes in motor activity, or freezing, associated with changes in environment. The present experiment suggests that the dorsal anterior cingulate, along with other brain regions that it recruits, plays a role in adaptively adjusting anxiety-related behaviors. We previously demonstrated that monkeys that engage in high levels of freezing also have a characteristic pattern of physiological activation. These findings led us to propose the anxious endophenotype as a constellation of trait-like behavioral and physiological parameters that are associated with increased risk to develop anxiety disorders (Kalin and Shelton 2003) . Using excitotoxic lesions in monkeys, we also found that the central nucleus of the amygdala is involved in modulating many of the parameters of the anxious endophenotype, including the expression of freezing (Kalin et al 2004) . These findings led us to hypothesize that amygdala activation would be associated with freezing duration. While the relation between amygdala activity and freezing did not reach the statistical threshold, a weak positive association was found. Possible explanations for the lack of a more robust amygdala finding include the kinetics of FDG-PET and the well-characterized time-limited activation of the amygdala (e.g., Breiter et al 1996) . In the present study, measures of regional glucose metabolism with PET were acquired over a 30-min period and therefore it would not be possible to detect transient changes in amygdala activation. Furthermore, in human studies that have used PET, rather than fMRI paradigms designed to assess activation patterns associated with anxiety, a similar lack of amygdala activation has been reported (e.g., Rauch et al 1997) .
The results demonstrate a consistent association between individual differences in freezing duration and activation of the BNST/NAC region in the basal forebrain in both human intruder paradigm conditions, albeit the exact BNST/NAC regions for each condition were not identical. However, by creating an ROI that combined the BNST/NAC regions defined in the ALN and NEC, we demonstrated correlations between freezing duration occurring in each of the two conditions with brain activity in an identical BNST/NAC region. Moreover, this region that was strongly associated with freezing was not associated with other behaviors such as cooing indicating that this circuitry is specific to freezing. We also found a negative correlation between motor cortex activity and duration of freezing behavior in the two conditions. This was expected since freezing constitutes an inhibition of ongoing motor behavior.
Based on the concept of the central extended amygdala, it is of interest that we found an association between freezing and activation of the BNST/NAC basal forebrain structures. Anatomical, biochemical, and functional studies suggest that the central extended amygdala is comprised of the central nucleus of the amygdala and the BNST (Cassell et al 1999) . The amygdala, including the central nucleus, directly projects to the BNST (Dong et al 2001; Amaral et al 1992) . In addition, the anterior portions of the BNST project to and are continuous with the shell of the nucleus accumbens (Swanson and Cowan 1979; Heimer et al 1997) . It has been suggested that this amygdala-BNST-accumbens shell network, which is highly connected to orbitofrontal cortex, thalamus, and brain stem, functions to integrate emotion, motivation, and behavior (Heimer et al 1997) .
From work in rodents, it has been proposed that the BNST is important in mediating anxiety (Walker et al 2003) . For example, temporary inactivation of the BNST in rats decreased freezing that was elicited by exposure to an odor of a natural predator (Fendt et al 2003) . A dissociation between the functions of the central nucleus of the amygdala with those of the BNST has been suggested such that the central amygdala nucleus is thought to mediate brief responses to fearful stimuli, whereas the BNST has been hypothesized to mediate anxiety responses of considerably longer duration (Walker et al 2003) . The BNST is also a site that mediates the anxiogenic effects of the neuropeptide corticotrophin releasing factor . Our data provide the first evidence suggesting that the BNST may play a role in modulating anxiety-related responses in primates.
The PET data also demonstrate that activation of the nucleus accumbens, predominately the shell, is associated with increased freezing. This is consistent with the close anatomical linkages between the BNST and the accumbens. In addition, many studies implicate the nucleus accumbens as part of the circuitry involved in mediating the effects of aversive stimuli and not simply selectively involved in mediating reward-associated behaviors (Schoenbaum and Setlow 2003; Yanagimoto and Maeda 2003) . Using transgenic mice it has been shown that exposure to both appetitive and stressful stimuli increases cAMP response element mediated gene transcription in the accumbens shell (Barrot et al 2002) . Furthermore, reductions in levels of the cAMP response element binding protein in the accumbens shell decreases behavioral responses to these stimuli (Barrot et al 2002) . Finally, human functional imaging studies demonstrate activation of the nucleus accumbens in response to aversive stimuli (Zald and Pardo 2002; Paradisio et al 1999) and in assessing the salience and emotional relevance of stimuli (Phan et al 2004) .
The adaptive expression of emotion and emotion-related behavior is related to the ability to regulate responses in relation to different environmental demands (Davidson et al 2000; Kalin and Shelton 2003) . We previously demonstrated the utility of the human intruder paradigm in studying the regulation of fear and anxiety-related responses, and using this paradigm identified individual differences in monkeys' abilities to regulate freezing behavior (Kalin and Shelton 1989) . Moreover, we and others proposed that an inability to adaptively regulate affective and anxiety responses may be a fundamental component of affective and anxiety disorders (Davidson et al 2000; Kalin and Shelton 2003) . The findings from the current study highlight the different circuitry involved in the expression of freezing versus the adaptive regulation of freezing. Further studies in primates examining the circuitry involved in maladaptive patterns of anxiety regulation have the potential to yield insights related to the pathophysiology of anxiety and affective disorders. Drevets, 1999 , Rauch et al., 2003 
